Quantum photonic integrated circuit (QPIC) is a promising tool for constructing integrated devices for quantum technology applications. In the optical regime, silicon photonics empowered by complementary-metal-oxide-semiconductor (CMOS) technology provides optical components useful for realizing large-scale QPICs. Optical nonlinearity at the single-photon level is required for QPIC to facilitate photon-photon interaction. However, to date, realization of optical elements with deterministic( i.e., not probabilistic) single-photon nonlinearity by using silicon-based components is challenging, despite the enhancement of the functionality of QPICs based on silicon photonics. In this study, we realize for the first time a strongly coupled InAs/GaAs quantum dot-cavity quantum electrodynamics (QED) system on a CMOS-processed silicon photonic chip. The heterogeneous integration of the GaAs cavity on the silicon chip is performed by transfer printing. The cavity QED system on the CMOS photonic chip realized in this work is a promising candidate for on-chip single-photon nonlinear element, which constitutes the fundamental component for future applications based on QPIC, such as, coherent manipulation and nondestructive measurement of qubit states via a cavity, and efficient single-photon filter and router.
Among the cavity QED systems, the one with a semiconductor quantum dot (QD) is promising to be integrated into QPIC, because of its well-developed electrical controllability and availability of telecommunicationcompatible emission wavelengths that might be suitable for silicon photonics. Some heterogeneously integrated QD light sources without optical cavities [25] [26] [27] have been implemented by using methods, such as, wafer bonding on silicon-based photonic circuits. However, cavity QED-based elements combined with CMOS photonic circuitry are yet to be realized despite their considerable potential to provide highly functional singlephoton devices to be integrated with QPIC. Even without the use of the CMOS technology, only a limited number of realizations of cavity QED systems on Si platform [28, 29] have been reported so far, where Ref. [28] utilized a silicon nitride system and Ref. [29] implemented cavity QED systems on a hybrid substrate without any siliconbased photonic elements. The main obstacle here is the complicated process optimization required to simultaneously fabricate a nanoscale compound-semiconductor cavity and low-loss silicon photonic element. This issue can be resolved by transfer printing [30] [31] [32] that allows pick-and-place heterogeneous integration of individually fabricated elements, which is suitable for integrating nanoscale cavity QED systems into CMOS-processed silicon photonic circuits. With such a method, a cavity QED system in the strong coupling regime on a CMOS photonic chip is feasible, which is particularly significant not only in view of efficient, on-chip coherent manipulation and non-destructive readout of QD states by using the cavity [33, 34] , but also because of its scalability and functionality aided by the CMOS technology.
In this Letter, we demonstrate a strongly coupled single QD-photonic crystal (PhC) cavity system integrated on a CMOS-processed silicon photonic circuit by transfer-printing method. A one-dimensional PhC cavity containing InAs/GaAs QDs is transfer-printed on top of a silicon waveguide on a silicon-on-insulator (SOI) chip that is fabricated in a CMOS-process foundry. The device is designed to offer near-unity coupling efficiency to the waveguide and high quality factor of the cavity. Micro-photoluminescence spectroscopy reveals the vacuum Rabi splitting between the QD and the cavity, which indicates that the QD-cavity coupled system is in the strong coupling regime. We further analyze the spectra to obtain the coupling strength as g 0 = 69 µeV and observe the interchanged peak heights and linewidths between the upper and lower polaritons, which substantiate the strong coupling. From a grating outcoupler terminating the waveguide, we observe the vacuum Rabi splitting that confirms the waveguide-coupling of the system.
The device fabricated and investigated in this study is a one-dimensional (1D) PhC cavity [35] [36] [37] [38] coupled to a silicon wire waveguide buried in silicon dioxide, where the cavity strongly couples to a single QD embedded in it. A schematic illustration of the device is shown in Fig. 1(a) . The PhC cavity is formed by a nanobeam with almost equidistantly aligned air holes, where the intervals between the adjacent air holes are modulated in the central region containing 10 air holes [38] . The ratio of the radius r of the holes to the lattice constant a is r/a = 0.26. The nanobeam has a thickness of 180 nm and width of 471 nm. The distribution of the electric field in An air-bridged one-dimensional photonic crystal cavity is picked up by a silicon rubber from a GaAs chip and then attached onto a silicon-on-insulator chip on top of a waveguide. By slowly peeling back the silicon rubber, the cavity is left on the waveguide. The whole procedure is monitored by an optical microscope. (b) Optical micrograph of the fabricated device where a one-dimensional photonic crystal cavity is transferprinted on a CMOS-processed silicon waveguide, which is terminated by grating outcouplers.
the y-direction of the fundamental cavity mode is calculated by finite difference time domain (FDTD) method, and is shown in Fig. 1(b) . The unloaded quality factor is 6 × 10 6 and the mode volume is 0.56 (λ/n) 3 , where λ = 1.16 µm is the resonant wavelength and n = 3.4 the refractive index of GaAs. Here, the unloaded (loaded) quality factor refers to that of the cavity on a silicon dioxide layer in the absence (presence) of the waveguide coupling. Underlying is a silicon wire waveguide buried in a silicon dioxide layer. Its thickness and width are, respectively, 210 and 250 nm so that the waveguide supports only a single transverse-electric (TE) mode at the wavelength of around 1160 nm. This also approximately fulfills the phase-matching condition between the waveguide and cavity [39] for efficient coupling between them. The waveguide is terminated by grating outcouplers for collecting the signal introduced to the waveguide from the cavity.
The cavity and waveguide are separated by a silicon dioxide layer. Coupling efficiency, i.e., the ratio of light leaking from cavity mode into the silicon waveguide to total leakage, is controlled by the gap between the cavity and waveguide in this design. As the cavitywaveguide gap becomes smaller, the loaded quality factor of the cavity mode decreases while the coupling efficiency approaches unity [see FDTD calculation results in Fig. 1(c) ]. The designed value of the gap, 570 nm, results in a coupling efficiency of 99 % and loaded quality factor of 4.8 × 10
4 , which are advantageous together with the small mode volume of the cavity for the experiment con- Fig. 3(a) . The white curves indicate the positions of the upper and lower polaritons extracted in Fig. 3(a) as a guide to the eye. The polarization of the detected signal when λQD − λcav = 0.5 nm is shown in the bottom right.
ducted in this study. The high coupling efficiency in this design is attributed to the large unloaded quality factor of the cavity, as obtained in the numerical calculation.
The device is fabricated as follows. First, air-bridged 1D PhCs supported by square frames are prepared by electron-beam lithography, and dry and wet etching. The square frame surrounding the PhC cavity protects the cavity from bending and breaking and facilitates the picking-up process in transfer printing. The silicon wire waveguides on an SOI substrate are fabricated in a CMOS-process foundry and initially capped with a 1.8-µm-thick silicon dioxide layer formed by chemical vapor deposition. The silicon dioxide layer on the top of the silicon waveguides are thinned down to 573 nm by dry etching. With these constituent elements, the device is fabricated by transfer printing, which is achieved by pickingup a 1D PhC cavity using a silicon rubber, attaching the cavity on top of the waveguide, and peeling-back the silicon rubber to leave the cavity on the SOI substrate. It has been shown that the PhC cavities can be transferprinted with an alignment precision within 100 nm and the quality factor maintained as high as ∼ 10 4 [39, 40] . These procedures are monitored with an optical microscope and are schematically illustrated in Fig. 2(a) . An optical micrograph of the fabricated device is shown in Fig. 2(b) , from which it is deduced that the precision of alignment of the cavity with respect to the waveguide is below 100 nm.
The fabricated device is evaluated by low-temperature micro-photoluminescence (PL) spectroscopy with 785 nm-wavelength; here, continuous-wave laser as an excitation laser impinges on the cavity with an optical power of 9.8 µW through a ×50 objective lens. First, we evaluate the device by collecting PL signals radiated above the cavity. Figure 3 (a) displays the series of PL spectra for variable wavelength detuning between the quantum dot (λ QD ) and the fundamental mode of the cavity (λ cav ). The wavelengths λ QD and λ cav are simultaneously tuned by varying the temperature of the device from 10 K to 35 K, where λ QD varies more than λ cav . In Fig. 3(a) , the vertical axis represents the wavelength of the QD relative to the resonant wavelength of the cavity, λ cav ∼ 1 155 nm. The cavity mode exhibits a loaded quality factor of 8 000 that corresponds to the total decay rate of the cavity, κ tot ∼ 2π × 32 GHz, which is evaluated when λ QD − λ cav = 0.5 nm.
When λ QD = λ cav , an avoided crossing between the QD and cavity is observed. The white curves in Fig. 3(a) indicate the positions of the peaks of upper-and lowerpolaritons extracted by fitting, which also confirms the avoided crossing behavior. The bottom-right inset displays the polarization of the observed signal above the cavity when λ QD − λ cav = 0.5 nm, see Fig. 2(b) for the definition of the directions x and y. The y-polarized signature agrees with the characteristics of the polarization of the cavity; hence, it is verified that the observed signal originates from the emission above the cavity. The spectrum at λ QD = λ cav is shown in Fig. 3(b) together with the result of fitting (yellow solid line) with three Voigt functions for the peaks of upper polariton (blue), lower polariton (green) and residual signal of the cavity (black) [41] . The vacuum Rabi splitting is deduced to be 122 µeV, from which the coupling strength between the QD and cavity is determined as g 0 = 69 µeV. For the coupling strength g 0 = 2π × 17 GHz, decay rate of the cavity κ tot = 2π × 32 GHz and that of the QD γ QD κ tot , the system exhibits g 0 > κ tot /4, γ QD /4 that fulfills the condition of strong coupling. In Fig. 3(c) and (d) , respectively, peak heights and linewidths of the upper (blue) and lower (green) polaritons are plotted against λ QD −λ cav with the solid curves representing the results of analytical simulation based on the Jaynes-Cummings model [42] adopting relevant experimental parameters for guide to the eye. Both plots indicate the interchanging spectral properties between the upper/lower polaritons over the avoided crossing, which further establishes the strong coupling between the QD and cavity in this device.
Next, the waveguide coupling of the cavity is examined by shining the excitation laser on the cavity and collecting PL signal from the grating outcoupler. Here, the irradiated optical power is 14 µW. The temperature of the device is again tuned from 10 K to 35 K to obtain the spectra shown in Fig. 3(e) , which is plotted in the same way as Fig. 3(a) , where the extracted positions of the upper/lower polaritons, i.e., the ones obtained in Fig. 3(a) , are shown again for a guide to the eye. In the bottom-right inset, the polarization of the observed signal when λ QD − λ cav = 0.5 nm is shown. The x-polarized light is expected to be radiated from the grating outcoupler, because the TE-polarization of the light from the cavity coupled to the waveguide should be maintained. This is verified by the x-polarized nature of the signal. The avoided crossing is visible in the plot, ensuring the realization of the strongly coupled single QD-cavity system accessible via the silicon waveguide on the CMOS platform. The signal of the QD is still observable when it is slightly off-resonant from the cavity; however, it is no longer visible as the QD-cavity detuning becomes larger, as the QD signal is expected to be visible only through the coupling to the cavity.
Before summarizing the study, we will briefly discuss the possible improvement of the coupling strength between the QD and cavity and the waveguide-coupling efficiency. First, the QD-cavity coupling strength depends significantly on the position of the QD within the cavity [43] . The coupling strength is expected to reach at least 93 µeV according to Ref. [38] . To integrate the QDcavity system with larger coupling strength on silicon photonic chip, the low yield, which is about several percents in this work, should be improved. The device yield is limited mainly by the uncertainty of the wavelength and position of the QD and the wavelength and quality factor of the cavity. The transfer-printing method permits back-end assembly after individual optimization and pre-screening of the desired elements to address the above issues. This leads to deterministic integration of QDcavity systems with larger coupling strength and quality factor of the cavity.
The waveguide-coupling efficiency can be estimated from the comparison of the loaded quality factor of the cavity with the unloaded one. However, in the current case, the waveguide-coupling rate κ WG ∼ 2π × 5 GHz determined by the FDTD calculation is small compared to the experimentally quantified total loss rate of the cavity, κ tot ∼ 2π × 32 GHz, whose sample-to-sample fluctuation hinders the relevant estimation of κ WG in the experiment. By adopting the above-mentioned values of κ WG and κ tot , we get the coupling efficiency η exp = κ WG /κ tot ∼ 16 %. The small value of η exp not only hinders the relevant estimation of the coupling efficiency as mentioned above, but also limits the signalto-noise ratio of the spectra in Fig. 3(e) . If the unloaded quality factor of the cavity is improved to 8×10
4 [44] and the waveguide-coupling rate is increased to yield a loaded quality factor of 1 × 10 4 , when we set the waveguideresonator gap to be 450 nm, the coupling efficiency becomes 88 % while maintaining the system in the strong coupling regime. These improvements pave the way to efficient optical control and dispersive readout of the quantum states of a QD, and realization of single-photon nonlinear elements even enabling photon-number resolution, where QPIC acquires further functionality and scalability on a CMOS-processed silicon photonic chip.
In conclusion, we demonstrated for the first time a strongly coupled QD-cavity system integrated on a CMOS-processed silicon waveguide. The device was fabricated by the transfer-printing method, which overcame the difficulty of the hybrid integration method. Lowtemperature micro-PL spectroscopy verified the strong coupling between the QD and cavity with observation of the vacuum Rabi splitting as well as the waveguide coupling of the cavity. This work serves as an important stepping stone toward the realization of novel quantum devices incorporating single-photon nonlinearity, to be developed on the CMOS platform.
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